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EFFECTSON WATER QUALITY

1. Soil Erosion and Sediment Production.

(a) Influence of rainfall and running water. Raindrops landing on the surface of
the soil often have sufficient energy to dislodge soil particles which are then
available for transport by running water (Ekern and Muckenhirn, 1947;
Chapman, 1948). A litter layer or low ground cover will reduce raindrop
impact on the soil surface and make fewer soil particles available for
movement (Lee, 1980). While the canopy of a forest may intercept rainfall,
water in excess of that stored on the foliage will fall to the forest floor as
gravity drops. These drops are frequently much larger than raindrops and
Moss and Green (1987) showed that if the fall height of gravity drops was only
0.8 m these drops contained three times the erosive power of raindrops.
Raindrop splash under forest canopies is then likely to be an important factor
in surface soil detachment and movement when the soil surface is not
completely protected by litter or short vegetation.

All precipitation arriving at the soil surface will percolate into the soil unless
either of the following conditions are present:-

1. The infiltration rate of water into the soil, which is determined by the
saturated hydraulic conductivity of the surface soil, is less than the
rainfall rate.

2. The soil moisture store is completely filled to the soil surface.

Under either of these conditions water will pond on the soil surface and, unless the
surface is perfectly horizontal, move downslope as surface runoff towards
drainage lines and streams.

Dislodged soil particles may be carried in suspension in this surface runoff, the
quantity carried depending on numerous factors including the size of the
particles and the velocity and depth of the water (Cornish, 1975). If the
velocity of the running water decreases (through, for example, obstruction or a
reduction in slope) then some of this suspended material may be deposited.
Unless stabilized in some way in the meantime this deposited sediment would
be available for re-suspension and transport during a later storm which
generated surface runoff with sufficient velocity and volume.

Running water also has the energy to dislodge soil particles and make them
available for transport, with higher velocities and greater depths being more
efficient in this regard (Cornish, 1975). Soil types in which the particles have
lower bonding energies are generally more erodible, material being made
available for transport at lower water velocities. These bonding energies are
related to soil texture, degree of aggregation of soil particles and their capacity
to become dispersed in water, soil properties frequently related to soil parent
material. The relative erodibility of soils formed on different parent materials
is discussed in a later section. The smaller soil particles (clay and silt) are
more easily transported by water but are generally resistant to dispersion,
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unless sodium is a significant component of the soil cation exchange complex
(Wallis and Stevan, 1961). The larger soil particles (sand) require greater
water velocities for transportation. A doubling of water velocity results in
particles 64 times larger being transported (Cornish, 1975).

The principal types of soil erosion resulting from running water are sheet erosion,
rill erosion, gully erosion and the erosion of stream banks (AlIen and Leonard,
1966). The first three types can be influenced by forest practices that increase
surface runoff and disturb the soil surface, while stream bank erosion can
result from the destabilization of banks following logging machinery
movement and tree removal. However the reduction in the frequency and
magnitude of peak flows following afforestation of cleared land is likely to lead
to reduced streambank erosion.

The magnitude of any accelerated soil erosion and increased suspended sediment
levels in streams resulting from forestry operations can be very dependent on
the erodibility of the soil, which is frequently determined by the soil parent
material (Dyrness, 1967). It is generally agreed that soils formed on intrusive
igneous rocks (e.g., granite) are the most highly erodible, while soils formed on
extrusive igneous rocks such as basalt are the least erodible (Anderson, 1954;
Wallis and Willen, 1963). The erodibility of soils formed on most sedimentary
and metamorphic rocks lies between these extremes.

A knowledge of soil parent material is therefore important in the preliminary
assessment of potential soil erodibility, a factor which must be taken into
account when planning forest operations that ultimately result in minimal
increases in erosion.

(b) Factors influencing surface runoff. While undisturbed forests generally
contain soils with high hydraulic conductivity values, managed forests may
contain areas compacted by machinery movement. In these areas (roads, tracks
and log landings) considerable surface compaction frequently occurs (Schuster,
1979), and hydraulic conductivity values may be reduced by orders of
magnitude (Riley, 1984). Bren and Leitch (1985) showed that a forest road
generated more stormflow than nearby undisturbed forest for small to
moderate storms. These effects may occur in both eucalypt forests and pine
plantations, but pine plantations frequently have higher roading densities and
wheeled pine logging machinery (such as forwarders) generally exert higher
ground pressures. This, together with the fact that thinning operations in pine
plantations usually occur a number of times in a 40 year rotation, can result in
increasing compaction with stand age as demonstrated by Hamilton (1965) in
P. radiata plantations near Canberra. Sands et al. (1979) showed increased soil
compaction following conversion of eucalypt woodland to P. radiata plantation
in South Australia. These authors considered that increased compaction was
due to loss of organic matter and the extent to which logging had occurred in
wet soils. Soil compaction also has the potential to reduce pine plantation
productivity.
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The surface layers of forest soils frequently contain large macropores resulting
from the decay of tree roots and from soil faunal activity. These macropores
form preferential pathways for rapid subsurface soil water movement (Harr,
1977). Compaction ofsurface soil by logging equipment can destroy these
larger pores (Moore et al., 1986) resulting in greater surface runoff. Burch et
al., (1987) showed that the near-surface hydraulic conductivities of grassland
soils in central Victoria, that had been cleared of forest for 80 years, were
much lower than those of nearby forest soils, resulting in greater runoff from
the grassland. The authors attributed the hydraulic conductivity decline to the
absence of continuous macropore pathways in the grassland soils. If this is a
general phenomenon then it might be expected that the initial near-surface
soil hydraulic conductivities of P. radiataplantations planted on
long-established pasture would be lower than those of plantations established
on nearby areas of recently cleared Eucalypt forest. Plantations established on
pasture may therefore experience greater and more frequent surface runoff,
and-higher stormflow peaks, than plantations established on equivalent land
recently cleared of eucalypt forest but these hydrologic effects will be
diminished in comparison with pre-afforestation levels in pasture country. As
plantations age (and in the absence of cornpaetion from logging. equipment) it
could be expected that soil macropores would develop with a consequent
increase in hydraulic conductivity values.

As soon as anarea becomes waterlogged further rainfall may generate surface
runoff. The identification of areas in a catchment that preferentially wet up is
therefore desirable, and this has proved possible following the theoretical
analysis of flow in hillslopes (O'Loughlin, 1981). An extension of this analysis
(O'Loughlin, 1986) has resulted in a contour - based digital terrain model that
predicts the boundaries of waterlogged zones as they expand or contract in the
landscape. The model is robust enough to accommodate certain natural
landscape differences such as vegetation type, and has been used to predict the
growth of wet areas following forest clearing (O'Loughlin, 1986; Burch et al.,
1987; Moore et al, 1988) and to suggest alternative strategies that avoid
waterlogged areas when harvesting P. elliotti plantations in Queensland
(O'Loughlin, 1987a). Moore and Burcb (1986) have combined the digital
terrain model with the concept of unit stream power to determine the·
distribution of more erosion-prone areas in a catchment. Although these
models are not yet developed to the point where they can be used as planning
tools by land management agencies, this may be possible in the future
(O'Loughlin, 1987b).

(c) Slope stability and landslips. P. radiata has commonly been planted on steep
slopes in New Zealand and much research has been conducted in that country
into factors affecting slope stability. Tree roots assist in stabilizing steep
slopes, and studies have shown that tensile strengths of the root-wood of native
New Zealand tree species declined rapidly when cleared for P. radiata
plantation (O'Loughlin and Watson, 1981). Shallow landslips often resulted
from suchclearing (O'Loughlin and Watson, 1981; O'Loughlin and Ziemer,
1982). A P. radiataplantation has been shown to increase slope resistance to
shallow landslips and surface erosion substantially between 5 and 10 years after
establishment (O'Loughlin, 1984). However live root-wood strength of
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P. radiata has been found to be low in comparison with native New Zealand
tree species, and to decline exponentially after the trees have been felled
(O'Loughlin and Watson, 1979). Reduced soil strengths were considered
responsible for two large landslips which deposited 60,000 m3 of sediment in
streams in a 2.7 km2 area ofyoungP. radiata plantation (Pearce and Watson,
1983). Slope failure has also been shown to result from changed hydrostatic
pressures associated with large blocked soil pipes which may have been formed
when the roots decayed (Pierson, 1983). This New Zealand research suggests
that the afforestation of grassland by P. radiata in Australia should improve
slope stability. Steep areas presently planted to P. radiata are likely to suffer
some loss of stability following each thinning operation, and perhaps a greater
reduction after clearfalling. Such reductions in stability would be accentuated
during wet periods when soil moisture levels were high.

(d) Forest operations and stream sediment levels.

(i) General. Soil erosion resulting from running water is a natural process and
occurs in both undisturbed and disturbed forested catchments. Erosion rates
are generally low in undisturbed forests, resulting in low-moderate
streamwater suspended sediment and turbidity levels even during storms.
Forestry operations may increase erosion rates and consequently increase
stream sediment levels, as has been shown by many workers (e.g., Reinhart and
Eschner, 1962; Megahan and Kidd, 1972;Anderson et al., 1976). Disturbed
areas such as roads that provide ready source areas for surface runoff
generation have been demonstrated as major contributors to elevated
streamwater suspended sediment levels (Fredrickson et al., 1975).
Kochenderfer and Aubertin (1975), however, showed that when exceptional
care was taken in the location, construction and maintenance of snigtracks,
roads and landings, stream turbidity increases were small in comparison with
unplanned operations. Table 7, taken from this study, indicates the
improvement in water quality that may result from appropriate environmental
planning and execution of forest roading and harvesting operations.

(ii) Suspended sediment and P. radiata. Increased streamwater suspended
sediment and turbidity levels have been associated for many years with the
establishment and management of P. radiata plantations in Australia.
Boughton (1970) considered that the critical periods during which increased
turbidity levels were likely to occur were at plantation establishment, during
the early years and at clearfelling and re-establishment. Boughton also cites an
inferential case of increased turbidity in the Shoalhaven River during a storm
that occurred 2-4 years after the establishment of a P. radiata plantation at
Mongarlowe. In a plot study in the Lower Cotter catchment, Gilmour (1968)
concluded that eucalypt forests and well established P. radiata plantations
provided excellent catchment protection. However soil losses were much
higher from young pine plantations. On the other hand, Hopmans et al. ( 1987)
reported that clearing a eucalypt catchment (with streamside buffer strip
retention) at Cropper Creek in Victoria for a P. radiata plantation had little
effect on stream sediment concentrations. Stream sediment exports were
substantially increased, however, because of large increases in water yields.
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Cornish (1988) reported a streamwater turbidity study in the catchment of the
water supply of Adelong, N.S.W. 24% of this catchment was occupied by a
P. radiata plantation (which was subject to thinning operations during the
study) and the remainder was agricultural or pastoral land, much of it cleared
and grazed. Turbidity levels in the plantation streams were found to be slightly
higher than in nearby pastoral streams, and levels increased with increasing
area of pine. Turbidity levels were high at the offtake of the town water supply
further downstream, and this study demonstrated that the mix of land uses
present in the catchment resulted in unacceptable water quality requiring
additional treatment for domestic consumption.

In a comparative study of streamwater turbidity levels in widely separated
catchments in N.S.W. containing differing proportions of native forest, cleared
land and P. radiata plantation, Cornish (1983b) concluded that rainforest
logging had the least effect on levels and P. radiata plantations the most. The
study also showed that land cleared for agriculture or pasture generally
contributed more turbidity to streams than managed eucalypt forests, and that
coastal rivers usually became more turbid toward their mouths as the
proportion of forest diminished. Cornish (1990), in a lengthy study of
streamwater turbidity in a P. radiata plantation at Sunny Corner near Bathurst
concluded that turbidity levels were highest in those catchments where
relatively greater areas had been thinned or clearfelled in the previous year.
Levels were generally higher in streams within the plantation than in streams
draining nearby grazed pastoral land, and always higher than in an adjoining
eucalypt nature reserve. Parent material and the resultant soils varied within
the study area but no soils were highly erodible. The water entering
Winburndale Dam, of which Sunny Corner P. radiata plantation constituted
56%, had turbidity levels of 5 Nephelometric Turbidity Units or greater during
40% of the lO-year study period. These are undesirable levels requiring

Table 7.

TREATMENT

Effects of forest operations on stream turbidity at Fernow (after
Kochenderfer and Aubertin 1975).

STREAM TURBIDITY (JACKSON TURBIDITY UNITS)

BASEFLOW MEAN

Commercial clearcut, water values not considered»

STORMFLOW MAXIMUM

During logging
First year after cut
Second year after cut

490
38
2

56,000
5,000

170

Silvicultural clearcut, care taken with roads:-

During logging
First year after cut
Second year after cut

Undisturbed control.-

Forestry Commission of New South Wales.

6
5·
2

2

90
35
23

25
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treatment of such water for domestic consumption although Winburndale
Dam, a former water supply for Bathurst, now only provides water for the
watering of parks and gardens.

Although few comparative studies have been carried out it appears likely that,
other factors being equal, streams in P. radiata plantations subject to normal
thinning operations may have generally higher suspended sediment and
turbidity levels than streams in eucalypt forests, managed or undisturbed.
However soil erosion and land degradation is widespread on pastoral land in
Australia (Rowan, 1986). Pastoral land afforested with P. radiata may
therefore suffer no reduction in water quality resulting from increased
suspended sediment levels after afforestation, and for lengthy periods during
the rotation may in fact enjoy improved water quality.

Streamwater suspended sediment concentrations were compared in P. radiata,
native forest and grazed pasture catchments in New Zealand by Dons (1987).
Maximum concentrations were considerably higher in the pasture catchment,
and this was attributed to surface disturbance by stock and increased surface
runoff. Both mean and maximum concentrations were lower in the pine
plantation due to the stabilizing influence of luxurious grass growth in the
stream channel which reduced the movement of unconsolidated stream
sediments which are a feature of this pumice country. This study demonstrates
that a number of site specific factors generally play a part in the outcome of
catchment erosion and sediment production studies in addition to the effects
of land management practices.

Fire is used as a tool in the establishment and re-establishment of P. radiata
plantations. As fire may have an impact on the surface soil, on litter and
ground cover and on the local hydrology some discussion of its effects is
warranted here. Windrows of stacked timber are burnt during establishment
producing high temperatures at the soil surface (Humphreys and Craig, 1981).
Inwell structured soils with high clay contents soil physical properties are
generally not altered significantly by high temperatures (Craig, 1968; Clinnick
and Willatt, 1981), but in sandy soils the loss of organic matter during the fire
results in a reduction in both infiltration rates and in the proportion of larger
soil pores (Tarrant, 1956). Certain soils become hydrophobic following fires
(DeBano and Rice, 1973; Tunstall et al., 1976) resulting in reduced infiltration
rates and greater surface runoff. Slash burning of logging debris prior to
second rotation establishment will remove litter and surface cover leaving an
exposed soil surface subject to the effects of raindrop impact and increased
surface runoff. Soils with a relatively low inherent permeability are likely to be
most affected by slash burning (Walker et al., 1986). The effects on surface
runoff will be much greater if widespread hydrophobicity is induced during the
slash burn, resulting in a potentially serious erosion situation. Slash burning,
unless well controlled, may also consume ground cover and litter in the
streamside buffers resulting in a reduction in effectiveness at a critical time.
Windrow burning in streams and drainage lines may lead to increased erosion
in these sensitive areas. Large quantities of ash with high nutrient levels may
be produced under burnt windrows (Humphreys and Craig, 1981) and this ash
is much more likely to be transported to streams if windrows are in drainage
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lines. Increased nutrient concentrations in streamwater derived from ash may
result in at least short term eutrophication of streams (Wood, 1975) and a
permanent loss of nutrient capital from the site.

(iii) Erosion mitigation measures in P. radiata plantations. Following numerous
North American studies that demonstrated that control over various forest
practices could significantly reduce soil erosion and stream sediment levels
(e.g., Reinhart and Eschner, 1962; Kochenderfer and Aubertin, 1975), the
publication and implementation of guidelines to good forestry erosion
mitigation practices became widespread (e.g., Rothwell, 1971; Packer, 1976).
Guidelines more specifically written for Australian forests and forestry
practices followed (Cameron and Henderson, 1979; Cornish, 1983a). Many of
these guidelines were enforced in N.S.W. in 1977 as conditions attached to
logging licences in native forests, with subsequent application in pine
plantations. (Anon., 1984a; Cornish, 1985a).,Other States enforced their own
codes of forest practices that were designed to reduce soil erosion and
minimise environmental impacts (e.g. Anon., 1987; Anon., 1989b).
:'< •

The. introduction of new types of harvesting equipment in P. radiata plantations in
the early 1970's resulted in unfavourable soil-machinery interactions
particularly when soils were very wet and soil strengths were low. Deep rutting
along.extraction tracks, which was sometimes associated with soil compaction,
resulted when machinery was operated in adverse moisture conditions. Access
roads in the plantations were also damaged in these conditions, and a system of
wet weather forest closures was introduced in N.S.W P. radiata plantations to
minimise rutting depths and sedimentdischarge tostreams (Anon... 1984b;
Cornish, 1985b). Many of the P. radiata plantations in southern N.S.Ware
located in predominantly winter rainfall areas where soils may remain near
saturation for lengthy periods (Cornish et al., 1981). As industries generally
require 'a continuous supply of timber the imposition of forest closures leads to

the necessity to stockpile timber and to consequent increases in costs. Hence
there is 'an understandable industry pressure to keep forest closures to a
minimum. Wet weather closures can be reduced to some degree by the
planning of harvesting operations. In N.S.W. Forestry Commission
plantations, operational harvesting plans Classify areas as suitable for winter,
summer orintermediate seasonal logging (Anon., 1984b) and this .
classification is an important factor in reducing water quality impacts in winter.

As noted earlier roads are an important potential source of sediment to streams.
Roading densities in P. radiata plantations are relatively high, particularly in
older-plantations established before the introduction of specific erosion
mitigation measures. While good practice today suggests a reduced roading
pattern in which roads are located, if possible, on ridges and well away from
streams, older plantations frequently have considerable lengths of streamside
roading. Even if these roads are closed in wet weather they are likley to

increase stream turbidity and suspended sediment levels during rain because
, there is frequently little opportunity for sediment to be deposited in the short

distance between road and stream. Consideration should be given to the
relocation of roads away from streams during second rotation establishment.
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The provision of streamside buffer strips of undisturbed vegetation is an important
component of erosion mitigation measures in forests, as discussed by Clinnick
(1985). Numerous problems arise with the provision, management and
effectiveness of buffer strips inP. radiata plantations. Older plantations were
established on areas completely cleared of native forest, with pine planted to
the streambanks. The retention of a buffer strip in such a plantation results in
a strip of pine on either side of the stream which is possibly unthinned and
subject to potential windthrow in the later years of the rotation. Management
of the strip at time of clearfelling and re-establishment also poses problems. If
clearfelled the question of what type of vegetation to encourage in the strip in
the second rotation may not be easy to answer but catchment protection
effectiveness should be the prime consideration. The provision of streamside
buffer strips in plantations established on cleared pastoral land also introduces
similar management problems. Although the exclusion of fire is preferred, it
may not always be possible to prevent buffer strips being burnt, as discussed
earlier.

Contour ploughing is an example of a preferred erosion mitigation practice
(Rowan,1986) not universally employed in P. radiata plantations because of the
limitations of existing machinery and the impact on harvesting economics.
Some reduction in water quality is always possible when such compromises are
made.

2. ChemicalWaterQuality

(a) Nutrients and major ions. In relatively humid environments the chemical
composition of streamwater is determined by precipitation chemistry and by
catchment geology (Gibbs, 1970;Cornish, 1987). The cationic composition of
streamwater in eucalypt forested catchments in south eastern N.S.W. was
found to be greatly influenced by the mineralogy of the principal bedrock in
the catchment by Cornish and Binns (1987). Talsma and Hallam (1982), in a
water quality study in eucalypt and P. radiata catchments in the Cotter Valley
near Canberra, concluded that water quality and composition depended more
on geological and soil properties than on vegetation type. In this study the
chemical composition of streamwater from undisturbed pine plantations was
found to be similar to that from geologically similar catchments of native
vegetation.

Following the site exposure that accompanies logging, some forest soils experience
an accelerated release of certain ions from the mineralisation of organic
matter and from mineral weathering (Aubertin and Patric, 1974). The extent
to which those ions released by exposure are removed from the site by leaching
to streams is a function of the uptake of those ions by vegetation and the ion
exchange properties of the soil. A suppression of forest regrowth may result in
increases in ions in streamwater (Likens et at., 1970) but this rapidly reverses
as forest growth proceeds (Likens et al., 1978). Biologically active ions are the
ones most affected by these processes.
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Cooper et al. (1987) studied streamwater nitrogen and phosphorus levels in
catchments of native forest, pasture and P. radiata in New Zealand over a 14­
year period. The P. radiata catchment, previously improved pasture with a
regular history of fertilizer application, was planted at the beginning of the
study. No fertilizer was administered after afforestation. Streamwater
phosphorus levels were high in the pasture catchment throughout the study.
Phosphorus levels were initially high in the P. radiata catchment also but
declined after 5 years, becoming considerably lower than in the pasture
catchment. Nitrate nitrogen levels in streamwater were initially similar in
pasture and pine catchments, but increased after 5 years in the pine catchment
relative to levels in the' pasture catchment. This rather surprising result was
attributed to a more complete removal of nitrate nitrogen by the thick grass
mat in the pasture stream channel. Initially present in the P. radiata stream
channel also, it had become much reduced in extent due to channel shading
after 5 years. Nitrate nitrogen levels therefore increased as this nitrogen sink
diminished. This study, although a rather special case, shows that previous
fertilizer history can influence stream water nutrient levels for some years
after afforestation of pasture byP. radiata, 'and that instream processes may
play an independent role in modifying these levels.

Fire in a forested catchment may have a considerable effect ,on ionic
concentrations ira streamwater. Lee (1980) summarises the factors responsible
fOJ; fire affecting water quality as follows:-

'"Th~ ~jjects'Jjfi~e on catchment water quality depend on thefrequency, extent; and severity of
, burning, watershedphysical conditions, postfire weather, and therapidity of reforestation".

stash burning is frequently used during second rotation establishment of P. radiata
plantations. Kimmins and Feller (1984) reported that the broadcast burning of
Iogging slashfollowing partial clearfelIing of a catchment in British Columbia
resulted in ageneral pattern of increased concentrations and fluxes of ions in
streamwater for the first 2-3 years following treatment. Values then declined
to, and sometimes below, pretreatment levels. The most pronounced increases
w,ere observed for potassium and nitrate. Similar effects were observed
following wildfire in a eucalypt catchment near Eden by Mackay and Robinson
(1987).

Hart (1974) has reviewed the potential impacts of elevated nutrient concentrations
in streamwater in relation to water use. Elevated water nitrate levels can effect
humans and livestock and are toxic to infants, Increased nutrient levels can
produce eutrophication resulting in algal blooms which may lead to
deoxygenation of the streamwater and a deterioration in stream fauna habitat.
Concentrations necessary for these effects are rarely the product of forest
management.

(b) Applied forestry chemicals. Various chemicals may be applied during the
establishment and growth of P. radiata plantations. These chemicals
(principally fertilizers, herbicides and pesticides) may end up in streamwater
depending on a number of factors including mobility, rate of fixation by the
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soil, rate of uptake by vegetation, application method and the proximity of
application sites to streams and drainage lines. Nambier and Cellier (1985)
concluded that the broadcast application of nitrogenous fertilizer was likely to

increase nutrient uptake through increased root contact in a P. radiata
plantation established on sandy soils in South Australia. These authors
suggested that broadcast, as opposed to spot, applications would reduce
leaching losses of nitrogen. Nambier and Bowen (1986) stressed the need to
design fertilizer application strategies to maximise uptake and minimise
leaching losses. Research overseas (e.g., Moore, 1975) indicates that the aerial
application of nitrogenous fertilizers to forests does not result in streamwater
N concentrations above public health standards or at levels likely to result in
eutrophication if applications are well removed from streams.

Herbicides are frequently used in Australia to limit weed competition whenP.
radiata plantations are established. Leitch and Flinn (1983) reported that
levels of hexazinone in streamwater were barely above detection levels
following aerial spraying of a P. radiata catchment in northern Victoria. The
low residues detected were attributed to care during the operation and the
presence of a 30 m wide buffer strip of native eucalypt forest on either side of
the stream. Leitch and Fagg (1985), in a similar study in the same area in
which clopyralid herbicide was applied aerially to a P. radiata plantation, found
only low concentrations of this herbicide in streamwater. The contamination
that did occur was due to rainfall washing herbicide deposits from streamside
vegetation that had intercepted minor amounts of spray drift. This generally
favourable result was again attributed to the presence of unsprayed streamside
reserves, and to accurate spraying techniques and the pattern of rainfall
(low-intensity storms followed by high-intensity storms) after spraying. In
Britain, however, Hornung and Newson (1986) reported that hand application
of herbicide is preferred to reduce the risk of stream contamination from
aerial spraying in that country. In general wind speed and droplet size are the
major factors influencing spray drift during aerial applications.

Aerial spraying of copper oxychloride to a P. radiata plantation at Nundle in N.S.W.
to combat Dothistroma did not result in streamwater copper concentrations
above background levels during a sixweek period following application (M.
Lambert,pers. comm.). Research generally indicates that water quality is
unaffected if applications of herbicides and pesticides are made well away from
streams (Gibbons and Salo, 1973), but more care should be taken with
pesticides because very lowconcentrations in streamwater may still have an
adverse effect on some aquatic fauna (Lee, 1980).

(c) Bacterial water quality. Bacterial contamination of streamwater by organisms
such as faecal coliforms occurs in even the most pristine forested ecosystems
because of the influence of native and feral animals (e.g., Waiter and Jezeski,
1973). This contamination is frequently slight but gives rise to background
levels that are greater than zero and may vary seasonally. Mixed catchments
that are grazed by cattle may contribute pathogens such as salmonella to

streamwater (Fair and Morrison, 1967).
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Little study has been made of the effects of forestry on bacteria levels in Australian
streams. Langford et al., (1982) concluded that neither E. coli nor total
coliforms were increased as a result of forestry activities in the Coranderrk
catchments in Victoria. Lee (1980) considers that recreational activities in
forests pose the greatest potential threat to streamwater from elevated
bacteria levels. Of most concern in this respect is the provision of adequate
sewage treatment facilities in what are often remote forested areas. In addition
a continuous supply of nutrient (primarily phosphorus and nitrogen) to
streamwater from sewage may lead to eutrophication and fish mortality.

Forests are becoming used more frequently for the disposal of sewage sludge and
effluent from municipal sewage treatment plants (Pierce and Keller, 1980).
While there is a potential for heavy metal pollution and increased soil salinity,
research generally shows that, provided the disposal is well planned, water
quality is unaffected by this practice (Sopper and Kardos, 1973). The capacity
of a forest to assimilate particular quantities of effluent varies with site and
hydrologic characteristic.s, and these must be fully appreciated before long
term forest disposal is commenced (Pierce and Keller, 1980).

(d) Salinity. Ground water tables rise following forest clearing (Sadler and
Williams, 1981). If the lower horizons of the soil profile or the groundwater
itself contain appreciable quantities of salt, some may be transported towards
the soil surface with the 'rising watertable, reaching the streams from areas of
groundwater discharge. Recognised as a longstanding problem in Western
Australia (Wood, 1924), large areas in both Victoria and Western Australia
have now been affected with severe degradation of water quality in streams and
rivers (Boughton, 1970; Sadler and Williams, 1981; Schofield et al., 1988). It is
generally considered that the time scales involved in dryland salinity
development on the one hand and those for forest regeneration following
logging on the other are quite different, and that salinity is not a product of
normal forest management in salinity susceptible areas. However, Stokes and
Loh (1982) showed that streamwater salinity levels increased in the year
following the complete clearing of a eucalypt catchment in Western Australia,
suggesting that in certain circumstances salinity increases may be more
immediate and that further research is required into the effects of logging and
regeneration on salinity levels in these susceptible environments. The water
balance of logged jarrah and karri stands in south-western Western Australia
has been shown to return to the pre-logged state in about 10 years (Stoneman
et al., 1989). This was considered to be a consequence of the rapid recovery of
the vegetation cover, suggesting that in the areas examined any increased
salinity following logging was insufficient to impede this revegetation.

The likelihood of the subsoils of long-cleared pasture catchments containing
potentially harmful accumulations of salt is low in areas of moderate - high
rainfall in N.S.W. Such catchments are unlikely to have developed dryland
salinity, although water tables may now be high and topograpbically lower
areas saturated preventing easy pine establishment. Water tables in such areas
will fall when pine becomes well established. Drier cleared areas of pasture
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(rainfall perhaps < 750 mm yr-l ) may have developed some salinity problems
if subsoils are saline, and this would constitute another factor preventing easy
afforestation of such areas by P. radiata.

Although eucalypt species have been preferred to date (Schofield et al., 1989),
P. radiata may have a role in the re-afforestation and reclamation of some
cleared areas now affected by dryland salinity.
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CONCLUSIONS

1. Water Use and Water Yield

(a) The principal processes that determine variations in water use between
different types of vegetation are transpiration, canopy interception, energy
input, and possibly, growth rate.

(b) Under similar conditions tree species such as pine and eucalypt transpire at
about the same overall rate, and at a greater rate than more shallow rooted
species such as unirrigated grasses subject to seasonal dormancy.

(c) Tree species intercept much more precipitation than pasture species because of
greater interception capacities and higher rates of evaporation from wetted
surfaces.

(d) P. radiata intercepts more precipitation than eucalypt species because of a
different canopy architecture, the overall difference being up to 10% of annual
rainfall.

(e) Forests receive more energy for the evaporation process than grassland, and this
process in forests is itself more efficient.

(f) Land cleared of eucalypt forest and planted to P. radiata is likely to suffer a
long-term reduction in water yield up to about 10% of annual precipitation.

(g) The complete afforestation of a cleared pasture catchment in Australia byP.
radiata is likely to result in maximum reductions in water yield in excess of
400 mm per annum where precipitation exceeds 1,300mm annually. While
actual annual reductions will depend on the precipitation received, such an
overall change would be major, at least at the local level.

(h) The actual decrease in annual water yield resulting from afforestation of
grassland by P. radiata will depend on a combination of the following factors,
each having an important bearing on the final outcome:-

(i) Water yield changes will be in direct proportion to the percentage of the
catchment afforested.

(ii) Until maximum water use is established at about the age of maximum growth
rate, water yields in a P. radiata plantation will decrease before increasing.
Plantation water yields overall will therefore depend on the particular age
classes present and the relative proportion of each.

(iii) As thinning a plantation reduces canopy interception and changes growth rates,
water yields will increase following each thinning operation, with first thinning
possibly responsible for a yield increase in excess of 100 mm in the following
year.
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(iv) Water yield decreases in plantations also depend on the amount and nature of
the precipitation received, greater decreases occurring when annual
precipitation is greater and average rainfall intensities lower.

(i) Afforestation of grassland by P. radiata results in additional hydrologic
consequences in the catchment which may be summarized as follows:-

(i) Peak streamflows during storms may be reduced.

(ii) Streams may take longer to rise following rainfall.

(iii) Baseflow in streams during dry weather may decline.

(iv) Periods of dry-weather flow in ephemeral streams may become shorter, and
some perennial streams may become ephemeral.

(j) Overall biomass production on an equivalent site will be similar for pine and
eucalypt, although biomass production rates are strongly influenced by site
conditions and vary with the age of the stand. Maximum production rates
occur at different ages in different species. Although little data are available
(and more research is required), transpiration efficiencies are probably similar
in pine and eucalypt. Maximum transpiration rates for any species may occur
at the age of maximum biomass production possibly leading to a specific
species (and site) pattern of water yield change during the rotation.

(k) Fertilization of pine plantations may result in site dependent decreases in water
yield of 50-100 mm or more per year in comparison with an equivalent
unfertilized stand.

(1) The dependence of water use on growth rate is not well understood for P.
radiata, and a systematic examination of relevant factors needs to be
undertaken in a lengthy study of growth rates and water use to refine
predictions of P. radiata water use with age.

(m) Dryland salinity is unlikely to be present in pasture catchments in moderate ­
high rainfall areas suitable for afforestation by P. radiata in N.S.W.

2. Water Quality

(a) Suspended sediment and turbidity are the most widespread pollutants of
streamwater in P. radiata plantations.

(b) Principal factors likely to be responsible for increased turbidity levels in
plantation streams include:-

(i) A high roading density, particularly in older plantations.

(ii) The frequent occurrence of streamside roading networks.
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(iv) General reliance on wheeled harvesting equipment and downhill extraction
patterns.

(v) Harvesting throughout the year, notwithstanding the fact that P. radiata areas
in southern Australia experience a wet winter when soils frequently remain
near saturation for long periods.

(vi) Lack of suitable machinery that would allow the complete introduction of some
practices such as contour ploughing that are universally accepted as less likely
to result in increased erosion.

(vii) Streamside buffer strips, if present, may be ineffective at certain times
depending on their management, their composition and their treatment
during the re-establishment of the plantation.

(c) Areas in catchments that wet up first and remain wet for longer periods are
likely to be more prominent in the supply of suspended sediment and turbidity
to streams following disturbance by machinery, and therefore require more
sensitive management if water quality problems are to be avoided.

(d) While the imposition of logging and planning controls such as erosion
mitigation. measures, wet weather closures and the seasonal planning of
logging areasin plantations are designed to reduce the impact on streamwater
from suspended sediment, and turbidity, these measures appear less successful
in pine plantations than in hardwood forests. Factors responsible for this
include the greater roading density and intensity of operations in pine, the
winter rainfall maximum and year-round logging.

(e) Afforestation of grassland by P. radiata should generally increase slope stability.
Steep P. radiata areas are likely to suffer some loss of stability following each
thinning operation, with the possibility of a greater reduction in stability
occurring after clearfalling.

(f) Grassland areas with a long history of grazing since clearing may have developed
lower hydraulic conductivity values over time. Afforestation Of such areas may
present a higher erosion risk at establishment than equivalent recently cleared
eucalypt land because of increased and more frequent surface runoff.

(g) Cleared pastoral areas suffer widespread soil erosion problems in Australia.
Afforestation of pasture lands generally may therefore result in a reduction in
soil erosion overall, and improved water quality during much of the rotation.

(h) Slash burning during re-establishment of the plantation may result in increased
raindrop impact and surface runoff, particularly if the fire is hot and the soil
hydrophobic, leaving the area vulnerable to erosion until adequate surface
revegetation occurs.
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(h) Slash burning during re-establishment of the plantation may result in increased
raindrop impact and surface runoff, particularly if the fire is hot and the soil
hydrophobic, leaving the area vulnerable to erosion until adequate surface
revegetation occurs.

(i) Fire, particularly a hot fire, has the potential to consume ground cover and litter
in unprotected streamside buffer strips thereby considerably reducing their
effectiveness as an erosion mitigation measure,

(j) Any elevated streamwater nitrogen and phosphorus levels in pasture catchments
resulting from a history of fertilizer application or introduced legumes are
likely to decline gradually when afforested byP. radiata.

(k) Hot slash burning, and windrow burning, may result in increased concentrations
and fluxes of ions such as nitrate and potassium in streamwater, the increases
disappearing after a few years.

(1) Windrow burning in streams and drainage lines is likely to allow considerable
quantities of ash to be washed into streams during rain, resulting in possible
short term eutrophication of the stream and in a permanent loss of nutrient
capital from the site.

(m) Broadcast, rather than spot,applications of nitrogenous fertilizers to P. radiata
plantations may reduce the likelihood of leaching losses to streams, at least in
sandy soils such as in South Australia where surface runoff is minimal.

(n) The aerial application of herbicides and pesticides to plantations of P. radiata is
unlikely to effect streamwater quality if streams, streamside buffers and major
drainage lines all remain unsprayed. This requires proper control over droplet
size and the avoidance of windy days.

(0) Recreational activities and the associated provision of sewage disposal facilities
are the greatest potential threats to the pollution of streamwater from elevated
bacteria levels in forested catchments.

(p) While the disposal of sewage sludge and effluent in forests generally does not
effect streamwater quality, care must be taken in planning to tailor disposal
rates to the hydrologic characteristics of the particular site.
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